Welding together dissimilar materials, and, in particular, aluminium alloys to steel, has always been a challenge because of the significant difference in their mechanical, thermo-physical and metallurgical properties which causes the formations of hard and brittle intermetallic phases in the welding region. Recently, EWM® has developed a welding process known as ColdArc®, where the heat input and arc stability are precisely controlled. The present study was designed to investigate the static strength of aluminium-to-steel thin welded joints manufactured using EWM coldArc® welding technology. Butt, lap and cruciform welded connections were prepared to assess tensile strength and failure mode of these hybrid welded joints. The visual examination of the fracture surfaces revealed that, regardless of the geometry of the welded connections, the fracture of the joints always took place in the heat-affected zone (HAZ) on the aluminium side. This inspection indicated that the use of EWM coldArc® welding technology had improved the strength of the hybrid welded joint significantly and removed the problem of having a brittle phase in the welding zone. The results obtained from this investigation shows that Eurocode 9 can also be used to design aluminium-tosteel thin welded joints.
Introduction
To increase their competitiveness in the market, one of the most difficult challenges faced by companies designing and manufacturing metallic components and structures of all kinds is improving their performance by reducing not only the weight but also the associated production, energy and maintenance costs. In this context, driven by tightening legislation, customer demands and competitive pressures, it is also necessary to reduce carbon emissions and usage of natural resources. For instance, many government policies have been established to lower the carbon dioxide emissions from the land transportation. Therefore, the transportation industry has been challenged to reduce the fuel consumption. In addition to fuelefficient engines, mass efficient structural materials are required to reduce the total weight of the vehicles [1, 2] .
One of the most difficult aspects associated with design and fabrication of a high-performance mechanical assembly is efficiently joining together its different parts. The most critical issue associated with the use of modern, advanced composite materials to manufacture complex lightweight hybrid structures is that joining composites to other composites as well as to other structural materials which is neither simple nor cheap. In contrast, metallic materials can efficiently be joined together at a relatively low cost by welding. For this reason, manufacturing structures and components by metallurgically welding aluminium to steel represents an innovative solution for the fabrication of future low-cost and environmentally friendly lightweight structural assemblies.
Accordingly, in recent years, the issue of joining aluminium to steel has received considerable attention. The main problem associated with the use of conventional fusion welding technologies to weld aluminium to steel is that these two materials have different physical properties (e.g. thermal expansion, conductivity and melting temperature). Furthermore, their different metallurgical characteristics lead to the formation of hard and brittle intermetallic phases (such as Fe-Al) at the interface between the two materials, with these intermetallic phases markedly deteriorating the mechanical properties of the welded connections [1, 3] . In this context, certainly explosion-bonding represents an effective technology allowing both similar and dissimilar materials to be joined together. This process was developed in the late 1950s in the shipbuilding industry to weld aluminium to steel so that connections with improved corrosive, mechanical and strength properties could be manufactured effectively. The drawback of this method is that dis-bonding is likely to occur during construction and in-service operations, with this resulting in extra time and costs associated with repairing/removing [4, 5] . In order to overcome the above problems, over the past decade, there has been a remarkable increase in the research work done in the dissimilar metal welding field with the aim not only of achieving stronger and more flexible hybrid welded joint solutions but also of increasing manufacturing productivity [6] [7] [8] [9] .
Owing to the intrinsic limitations of explosion-bonding, in recent years, different attempts have been made to explore alternative technological solutions. For instance, Fukumoto [10] used the friction welding process to manufacture hybrid welded joints made of 5052 aluminium alloy and 304 stainless steel. This investigation shows that longer friction time causes the formation of intermetallic layers at the weld interfaces. Further, as the intermetallic layer thickness increases, the connections become more and more brittle, with fracture occurring at the weld interface [10] .
Friction stir welding (FSW) is another joining process that has been used to manufacture aluminium-to-steel connections, with FSW being used to manufacture mainly lap and butt joints. These investigations demonstrate that, as far as FSW is concerned, the joint strength tends to increase as the rotation speed increases but decrease as the travelling speed increases [1, 4, 11, 12] . Lately, this process was further developed so that aluminium-to-steel welded joints could be manufactured using a multi-pass welding strategy. The results obtained using FSW show that the use of this technology leads to the elimination of the intermetallic layers, with this resulting in an increase of the overall strength of the joints. The main disadvantage of this method is that friction stir welded connections are characterised by a non-uniform distribution of the mechanical properties across the weld [13] .
Laser welding-based processes have proven to be very effective in welding aluminium to steel, their use resulting in a reduction of the microstructural damage at the interface associated with the presence of intermetallic compound (IMC) layers. With this joining technology, good results can be obtained provided that the temperature at the interface is controlled during welding so that the growth of the IMC layers is limited [2, 5, 14] . Gao [15] suggested that the interface temperature should be lower than 1120°C.
Examination of the state of the art suggests that the main challenges to be faced when welding aluminium to steel are as follows: (i) minimising the presence of IMC layers at the interface, (ii) controlling the thickness of IMC layers to avoid the formation of brittle phases, and (iii) preventing the formation of pores and cracks which lower the overall strength of aluminium-to-steel welded joints. As a result, a variety of lowenergy-input welding technologies were developed in recent years to join aluminium to steel effectively [16, 17] . In this context, EWM coldArc® undoubtedly represents the most advanced technological solution that is available in the market to date (www.ewm-group.com).
In this complex and challenging scenario, the goal of the present study is to investigate the static strength of hybrid welded joints manufactured using the EWM coldArc® welding technology with the aim of proposing safe assessment rules to be used in situations of practical interest to design aluminium-to-steel welded joints against static loading.
The EWM ColdArc® welding technology
The EWM coldArc® welding technology was used in this investigation to weld thin aluminium alloys to galvanised steel sheets ( Fig. 1 ) with a thickness of 1 mm. It is an advanced form of welding that allows an excellent control over the rate of heat input and the metal transfer. Its lower heat input Fig. 3 Spatter-free welding achieved by using EWM coldArc welding technology enables welding professionals to weld thin metal sheets without causing any burn through. It can join thin sheets from 0.3 mm using automated welding machine and from 0.7 mm using manual welding machine [18] . It is a modified short arc process for root welding of pipes or thin materials and has excellent gap bridging capabilities. Due to the low heat used during the process, it causes no damage to the zinc coating and less warping. Therefore, it is an ideal solution to weld aluminium to steel, provided that the steel sheet is coated with zinc which minimises the formation of the hard and brittle intermetallic phases [18, 19] . Figure 2 compares the welding current, I s , and voltage, U s , of the coldArc welding process and traditional short arc welding. This figure shows that the first two phases are the same. However, the advantage of the coldArc process is shown in phase 3 at the moment of the arc re-ignition and immediately afterwards. In particular, at the moment of the arc re-ignition, the output is considerably lower. Moreover, there is a reduction in the output shortly after the arc ignites which occurs in an exceptionally dynamic and controlled way. After the stabilisation of the arc, there is a slight increase in the current for a defined short period of time, known as melt pulse, to create regular separations [18] .
A widespread occurrence in the inert metal gas (MIG) welding is the formation of spatter which is essentially droplets of molten materials generated around or on the weld seam. The problem of having spatter during welding is that it is a material waste and it requires more time to clean it up. Another advantage of using the coldArc® welding process is that a spatter-free weld is achievable (see Fig. 3 ), due to the power reduction during the arc reignition.
It is worth mentioning here also that the welding parameters are optimised and integrated into the machine programme provided by welding company EWM. By choosing the correct programme code from the list provided and set the thickness of the material, the machine will set up the corresponding welding parameters accordingly. If required, the welding parameters can be adjusted manually.
Experimental procedure
The experimental work presented here was designed to investigate the reliability of the EWM coldArc® welding process in joining thin sheets of aluminium alloy to galvanised steel with various joints configurations (Fig. 1) . The test specimens used in this investigation were welded manually by an experienced welding technician using EWM alpha Q551 pulse machine. The materials used were 1-mm-thick aluminium alloy AA1050 and zinc-coated cold rolled low-carbon steel EN10130:199 (1-mm-thick steel with about 25-μm-thick zinc coating layer). The filler wire used was AA4043 aluminium series, and the shielding gas used in the coldArc® torch was pure argon. Table 1 summarises the chemical composition of the used materials. As recommended by EWM, for 1 mm thickness, the welding parameters were set as follows: arc voltage 15.3 V, current 54 A and wire feed 5 m/min. All the specimens were manufactured by welding aluminium and steel sheets with a width of 70 mm and then trimmed to 50 mm to remove any unwanted end effect caused by the welding process.
The cruciform welded joints were produced using a welding jig to ensure that the stiffeners are welded as straight as possible and are aligned with the stiffener on the other side. This procedure was essential to reduce the effect of eccentricity. The lap welded joint specimens were produced using a slightly different form than the traditional configuration. The steel sheet was bent at 90°, and the weld took place between the galvanised steel and the aluminium. The reason behind this was that the steel sheets were not galvanised around the edges, and therefore, welding could not be performed directly on the edges themselves. Figure 1a shows the different welded specimens that were tested under tensile static loading to investigate the static strength of aluminium-to-steel welded joints. The tensile tests were run using a 100-kN MAYSE dynamic and static machine. The specimens were prepared as shown in Fig. 1b and tested at room temperature under a nominal displacement rate of 2 mm/min.
Metallurgical analysis
A metallurgical investigation of the aluminium-to-steel welded joints was carried out to understand the microstructural behaviour of the joints by performing scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) analyses [20] [21] [22] [23] . Figure 4 shows the joint morphology and the position of the investigated sections in the welding zone. The investigated zones were selected to explore different aspects as follows:
& Position a and position b were localised far from the weld zone to analyse the mechanical behaviour and the interaction between the different metallic layers. & Position c was localised across the joint to analyse the effect of melting at the interface between aluminium, zinc-coated steel and the filler. & Position d was localised at the interface between the weld and the aluminium sheet. The specimens employed for the metallurgical analyses were prepared by using a metallographic cutting machine at room temperature. After that, an ultrasonic device was used to clean the specimens in pure alcoholic solution. Figure 5 shows what happens during welding at the interface between the aluminium sheet and the galvanised steel sheet (position a, in Fig. 4) . Aluminium, steel and zinc layers are presented with a negligible amount of copper found in the zinc layer. By focusing attention on the zinc layer, it is clear that some pores formed within this layer. Looking at Fig. 6 , it is apparent that by moving closer to the melting zone (i.e. position b, in Fig. 4) , the pores found in the zinc layer have developed into cracks (area 1) and round phases (spot 1) at the interface between the aluminium and the zinc layers. Table 2 presents the chemical compositions of the round particles (spot 1) and around the cracks found in area 1 (Fig. 6) . What stands out in this table is the presence of high amounts of zinc (21.3 wt%) in the aluminium alloys, with this implying the initiation of solid diffusions of the zinc atoms into the aluminium alloy layer. Furthermore, the presence of aluminium particles in the zinc layer (2.95 wt%) suggests that the aluminium atoms have diffused into the zinc layer. The solid diffusion of aluminium and zinc atoms in both layers makes it evident that, although position a and position b are far from the melting zone, there is an improvement of adhesion between the welding sheets. Fig. 7 explores the interface between the aluminium and the filler. Spot 2 refers to the aluminium sheet, spot 4 refers to the filler and spot 3 is at the interface between the two layers ( Table 3) . As expected, spots 2 and 4 contain 97.80% of iron and 98.62% of aluminium particles, respectively. However, spot 3 contains 48.41% and 48.59% of aluminium and zinc particles, respectively. This finding suggests that during the welding process the zinc particles from the galvanised steel sheet have spread and reacted with the aluminium particles at the interface between the aluminium and filler as seen in Fig. 8 . The area characterised by the presence of all three layers (aluminium, steel and filler) is shown in Fig. 9 and the composition at different places within this area is reported in Table 4 . Spot 7 and spot 10 are characterised by the presence of high amounts of aluminium and zinc which determine the start of the joining process between the layers by the metallic inter-diffusion process. Further away from the interface of aluminium and filler layers, the presence of zinc content becomes negligible (spot 6, 8 and 9) . By looking at Fig. 10 , the presence of zinc in the filler confirms the occurrence of the diffusion mechanism of the zinc particles into the filler.
Experimental results
The aluminium-to-steel thin welded joints shown in Fig. 1a were tested, in the as-welded condition, under tensile static loading. All the tests were replicated to run two sets of experiments. This exercise was performed to investigate the mechanical performance of the HAZ of the aluminium alloy being tested straightaway after the weld (short-term ageing) and 1 year after welding (long-term ageing).
For each welded configuration being considered, at least nine specimens were tested. Figure 11 shows the measured force (kN) versus extension (mm) data for the different hybrid welded joint geometries. These graphs illustrate how the different types of welded configurations featured a similar behaviour under a tensile static loading. This figure records the maximum forces sustained by the various welded joints. It is noticeable that the force vs. extension response of the hybrid welded joints follows the same force vs. extension behaviour of typical un-welded aluminium alloys. All the samples show a similar behaviour. Tables 5, 6 , 7, 8, 9, 10, 11 and 12 summarise the results generated from the tensile experiments for the short-term and long-term specimens. It is clear from the tables that the ultimate tensile strengths show no significant variation and consistent results are achieved by using the EMW coldArc® welding technology.
Figures 12 and 13 present the short-term ageing experimental results obtained from this investigation. These figures summarise the ultimate tensile strength (UTS) for each welded configuration. In particular, Fig. 12 displays Fig. 9 Steel-filler-aluminium interfaces the UTS for butt, lap and cruciform welded joints with ± two standard deviations from the mean. Figure 13 instead shows the UTS for the single, double and inclined butt welded joints with various inclination angles including 15°, 30°, 45°and 60°. It can be seen from the results in Fig. 13 that, as the weld angle of the hybrid welded joints increased, the static strength increased. Figure 14a , b displays the fracture surface of the single butt, 15°inclined butt, 30°inclined butt and lap welded joints. For the lap, cruciform, double butt and 45°and 60°inclined butt welded joints, all the samples follow the same fracture behaviour, and the rupture occurs on the aluminium HAZ (Fig. 14a) . However, for the single butt, 15°and 30°inclined butt welded joints, there were three different failure modes, including fracture in the aluminium HAZ, fracture through the weld seam and a combination of both failures (Fig. 14b) . Figure 15 compares the results obtained from the shortterm and long-term experiments for the single butt, double butt, cruciform and lap welded joints. This figure shows the consistency in strength of the short-term and long-term specimens. Table 13 compares the average UTS for each configuration. There is a small difference between the two sets of experiments, and the effect of long-term ageing can be neglected.
Design against static loading
In general, to design any structural component attention must be paid to the weakest part of the structural chain. So, the design resistance of hybrid welded joints should be taken as equal to the design resistance of the weakest part of the connection, in this case, the aluminium part. According to the above experimental findings, Eurocode 9 (EC9) was then used to estimate the static strength of the aluminium-to-steel hybrid welded joint being tested. By using EC9 to design the butt welded and fillet welded joints, the combined stresses and direct stress on the weld throat must be checked and compared with different limiting stresses as shown in Eqs. 1, 2 and 3. Equation 4 is used to design fillet welds. Design stress :
According to the British Standard [24] , the American Society of Welding [25] and Alves et al. [26] , the characteristic strength (f w ) of welded joints made of aluminium alloy AA1050 ranges from 55 to 78 MPa. Figure 16 displays the results obtained by using Eqs. 1, 2, 3 and 4 to design the butt welded specimens (with various weld inclination angles) and the fillet welded joints and compares them with the results from the standard design codes being considered. The results are well above the values suggested by the standard codes, and conservative results are obtained by using EC9 [27] . This fully supports the idea that aluminium-to-steel welded joints can safely and effectively be designed against static loading by following the assessment procedure recommended by EC9 for aluminium welded joints.
Discussion
The results of this study indicate that for the single butt, 15°and 30°inclined butt hybrid joints (reported in Tables  5, 6 , 9 and 10), there are three different failure modes: failure occurring in the aluminium HAZ, weld seam fracture and a combination of both failures (see Fig. 14b ). There are several explanations for this result. A plausible reason for this might be that there is a lack of adhesion between the aluminium and steel as the steel edges are not galvanised. There is already a gap between the two materials, and the weld acts as a bridge between aluminium and steel resulting in the formation of a weak weld. Another explanation for this behaviour is that the weld seam is not thick enough in some specimens resulting in an inadequate weld which can be seen in the second type of failure.
There are, however, other explanation which is that for some specimens the quality of the weld is inadequate. This can be seen clearly in the third failure mode where the crack initiates and start propagating from the weld seams until it hits a strong weld then it diverges its path and starts propagating on the aluminium HAZ. There are ways to solve this problem, either by galvanising the edges of the steel sheet or by using different geometries where the edges of the steel are galvanised. Another solution is to use automated welding machine to obtain a consistent weld thickness along the weld path.
The results reported in Tables 5 and 9 for the double butt joints indicate that the fracture of the joints always took place in the aluminium HAZ. These results confirm the association between the thickness of the weld seams and the strength of the weld. Although there is still a gap between the two materials, having welded on both sides increased the strength of the welds themselves. This overcomes the problem of having a fracture on the weld seam.
For double butt, 45°, 60°inclined butt, cruciform and lap welded joints, the fracture always took place in the aluminium HAZ away from the weld seam (see Fig. 14a ). These findings demonstrate that the use of the EWM coldArc® technology improved the strength of the aluminium-to-steel hybrid welded joints significantly and successfully dealt with the problem of having a brittle phase in the welding zone. The use of low heat input reduced the size of the intermetallic phase at the weld interface which resulted in a stronger weld.
From Fig. 12 , it is worth mentioning that the same static strength is achieved both for single butt and double butt welded joints. This finding further confirms that, for the combination of materials being investigated, the welded joints manufactured via the EWM coldArc® welding technology were stronger than the heat-affected zone in the aluminium alloys. In particular, the UTS of the aluminium HAZ of the butt, lap and cruciform welded joints was seen to be larger than 70% of the parent aluminium UTS. These findings fully confirm that aluminium-to-steel hybrid welded joints with excellent mechanical performance can be manufactured using the EWM coldArc® welding technology.
The results in Fig. 16 confirm that EC9 recommendations along with a characteristic strength value for the welded aluminium alloys provide a suitable design approach for aluminium-to-steel hybrid welded joints against static loading. Finally, by performing short-term and long-term ageing experiments, it is evidently clear from the findings that ageing has little or no effect on the tensile strength of the welded joints. These results suggest that the strength of the heat-affected zone of the aluminium alloys has already recovered from the welding process and therefore leaving the specimens for a longer period would lead to similar results.
Conclusion
This study provides the first comprehensive assessment of the static strength of aluminium-to-steel thin welded joints using the EWM coldArc® welding technology. The key findings of this research project have been the following:
& The use of the EWM coldArc® welding technology results in efficient and robust aluminium-to-steel welded joints, with the manufacturing requiring minimum effort. & Irrespective of the configuration or inclination angle of the hybrid welded joints, the fracture failure will always occur on the aluminium side.
& The results generated by testing our specimens confirm that aluminium-to-steel welded joints can be designed against static loading by focussing attention solely on the aluminium part, i.e. on the weakest link in the structural chain of the joint. Fig. 15 Comparison between the short-term and long-term tensile static strength of butt welded, cruciform welded and lap welded aluminium-to-steel hybrid joints Fig. 16 Effective and equivalent design stresses of aluminium-tosteel welded joints compared with standard design codes 
